Ionic liquids (ILs) with 1,3-disubstituted imidazolium cations and the dimethyl phosphate (DMP) anion, as well as the chloride anion were prepared and characterized by 1 H NMR spectra, chromatographic and titrimetric purity control, and determination of the moisture content and thermal stability. ILs with the DMP anion decompose only at temperatures above 240˚C. These ILs were tested as both reaction media (solvents) and catalysts for the Knoevenagel condensation reaction. The impact of the most significant structure elements of ILs was evaluated for the rates and yields of the condensation reaction. IL anions have the greatest effect on the condensation reactions, and even the chloride anion has some catalytic effect on the Knoevenagel condensation. Side chains in the imidazolium cations influence the reaction course very little. The ability of the imidazolium cations to form hydrogen bonding with the transition state of the condensation reaction leads to a remarkable slowdown in the reaction rates.
Introduction
Condensation reactions have a major role in the transformations of organic substances. These reactions are used for syntheses of both linear and cyclic substances, including heterocyclic compounds. Condensation reactions usually require catalysts-acids or bases, as well as appropriate solvents. Condensation reactions are most commonly performed in the media of organic solvents. However, the use of these solvents involves the risks of intoxication for laboratory workers, combustion or explosion. For eliminating these risks, in the last decades, ionic liquids (ILs), as substances that are environmentally friendly and harmless for workers, have been increasingly used instead of organic solvents. Furthermore, ILs possess an outstanding ability to dissolve most organic and inorganic substances, providing homogeneous media for condensation reactions. ILs also quite often serve as catalysts for these reactions. A particular advantage is the possibility of reusing ILs several times without any purification after every application.
The use of ILs in condensation reactions has been extensively described [1] [2] [3] . Nevertheless, the influence of every structure element of an IL on its catalytic ability is not fully understood, and this does not allow the selection of the very best medium for a specific reaction, nor to choose the optimal structure of IL for a catalytic application. The role of the anion in ILs has been evaluated and described most extensively, and ILs with the acetate or other carboxylate anion have been proposed for the performance of condensation reactions most often [4] [5] [6] . Much less is known about the possible utilization of ILs with other anions for the needs of catalysis [7] . The role of hydrophilicity (or hydrophobicity) and/or specific solvation ability (hydrogen bond, etc.) has clearly been incompletely appreciated for the acceleration of organic transformations in IL media. On this account, an attempt is made in the present study to evaluate systematically the effect of most significant structure elements of ILs on the rate and yield of a commonly used condensation reaction.
Results and Discussion
ILs with the 1,3-disubstituted imidazolium cations (1, 2) and dimethyl phosphate and chloride anions were selected for the study because of their increased thermal and chemical stability [1] [2] , the imidazolium salts with the chloride anion being used mainly for comparison. The structure of the imidazolium cation is easy to change by introducing different substituents in the aromatic ring to design the structure of IL that imparts the necessary features to the cations of ILs 1 and 2. ILs with aliphatic cation (3) but the same two anions are included in the study just for comparison. ILs with the DMP anion have already been successfully used in our laboratory simultaneously as reaction media and catalysts in some condensation reactions [7] [8], and they are considerably more thermally stable than ILs with the acetate or other carboxylate anions (imidazolium salts with the DMP anion decompose at temperatures ≥ 240˚C [8] ). In the present study, ILs with the DMP anion were prepared by direct alkylation of the corresponding 1-substituted imidazole with trimethyl phosphate or by metathesis of the chloride anion in 1,3-disubstituted imidazolium chlorides with the help of trimethyl phosphate, as described elsewhere [7] [8]. The obtained ILs were fully characterized by Again, the 1 H NMR spectrum (Figure 2 ) is the most convincing proof of the structure of the condensation reaction product (6) . The influence of two lines of ILs with the same imidazolium cations and chloride or DMP anions on the condensation reaction rates was systematically compared in this paper, the cations having different substituents at the C 2 and N 3 atoms in the imidazolium ring (1, 2) . In this way, the influence of the three most significant structure elements of ILs on transition states of the Knoevenagel condensation reaction and, consequently, the rates of these reactions, were measured:
• influence of the type of anion;
• influence of the hydrophobicity (accompanied by the steric effect) of the cation;
• influence of the ability of the cation to form hydrogen bonds.
The Choice of Reaction Conditions
The starting reaction conditions were chosen for the condensation of para-methoxybenzaldehyde (4) 
The Role of the Anion
In (Table 1) . Nevertheless, the trend remained the same: ILs with the DMP anion always provided higher yields of the isolated product than those with the chloride anion.
The Influence of the Substituent at the C2 Atom in the Imidazolium Cation
The third kinetic curve, which has not been considered above, is included in (Table 3) . A small opposite effect was observed when a methyl group was attached to the C 2 -atom in the IL cation-the yield slightly decreased with the increase in the length of the alkyl chain. This means that the C 2 -H group in the cation slows S. Zeltkalne, A. Zicmanis DOI: 10.4236/gsc.2018.84022 328 Green and Sustainable Chemistry down the condensation reaction rate. The micellar effect also did not appear in ILs with a methyl group at the C 2 -atom, because the chloride ions in these ILs have no sufficiently acidic hydrogen atom to form hydrogen bonds. At the same time, hydrogen bonds appear if ILs have a C 2 -H bond. Furthermore, as the hydrogen bond is directly responsible for the decrease in the basicity of the chloride anion, the basicity becomes dependent on the substituent (CH 3 or H) at the C 2 -atom in the imidazolium cation. The observed facts allow to put forward a hypothesis that the length of a side chain in imidazolium chlorides slows down the condensation reaction rate only in case if the hard chloride anion is capable to form hydrogen bonds. These facts also confirm the more important earlier observation that the anion type has a considerably higher influence on the transition state of condensation reactions than other structure elements of IL cations. Admittedly, this is only a hypothesis made from observations of just one reaction, therefore requiring further investigation. Data presented in Figure 4 and Table 3 confirm that the substituent at the C 2 atom in the imidazolium cation affects the condensation reaction rates in a lesser extent in ILs with the DMP anion than in those with the chloride anion. Even more, it is difficult to notice any certain trend in ILs with the DMP anion. Most likely, DMP, being a soft anion, is able to form a weaker hydrogen bond, if any, with the C 2 -H bond than the hard chloride ion.
The abovementioned micelle formation during the condensation reaction was observed in our experiments when the products were extracted with the mixture of EtOAc and water. Small beads of ILs in water formed in the interlayer between the solvents during the extraction process from ILs with the dodecyl and octyl groups at the N 3 atom in IL cations, and it was quite difficult to separate these beads from the EtOAc solution of the product.
In order to ascertain the statement about the effect of the length of the side chain, three kinetic curves were once again registered for the condensation reaction in ILs with the same DMP anion but different substituted imidazolium cations, namely, [BMIm] [DMP] (2d), [MOIm] [DMP] (2f), and [DDMIm] [DMP] (2h) (Figure 6 ). Table 3 . The influence of the length of the linear alkyl chain at the N 3 atom and the substituent at the C 2 atom in the imidazolium cation on the yield of the condensation reaction product. 
The Influence of the Possible Formation of a Hydrogen Bond in the Imidazolium Cation
If the IL cation contains a hydroxyl group, the latter can form stronger hydrogen bonds with the transition state of the condensation reaction than the C 2 -H group. The data presented in Figure 4 and Table 4 evidence that the presence of OH groups has a clearly negative influence on the condensation reaction rates (and yields). The harmful effect increases in ILs containing the hard chloride ion instead of the soft DMP anion. A drastic decrease in the yield of the product (6) was observed, and sometimes no product could be isolated in the media of ILs with the chloride anion, such as [HOEtMIm] [Cl] (2i), even if a negligible yield (7%) could also be detected by GC in this case. A similar situation can be observed in reactions in the media of choline chloride (3a) and choline dimethyl phosphate (3b).
The introduction of a hydroxyl group in the imidazolium cation makes the reaction medium partly protic, similar to water or protic solvents. The chloride ion definitely has no measurable basicity in such media and, correspondingly, no Hence, ILs-imidazolium salts with the DMP anion can be considered as useful media and catalysts at the same time for the Knoevenagel condensation reaction between para-methoxybenzaldehyde and ethyl cyanoacetate and between aromatic aldehydes and activated methylene compounds in general.
The influence of the type of anion on rates and yields of the condensation reaction is much more significant than the effects of other structural elements of ILs.
Experimental
Chemical reagents of high purity were obtained commercially from Alfa Aser or Sigma Aldrich and were used without further purification. 
Synthesis of Ionic Liquids
ILs with the DMP anion used for investigation were synthesized in two ways: 1)
ILs with the chloride anion were first prepared by the traditional alkylation reaction of 1-substituted imidazoles with the corresponding alkyl chloride, followed by the chloride ion metathesis reaction into DMP with trimethyl phosphate (route A); 2) direct alkylation of 1-substituted imidazole with trimethyl phosphate (route B), as described earlier [7] [8].
1-Butyl-2,3-dimethylimidazolium chloride (1c). A typical experiment.
1,2-dimethylimidazole (9.61 g; 0.10 mol), 1-chlorobutane (12.03 g; 0.13 mol), magnetic stirrer, and ethyl acetate (6 mL) were placed in a sealed screw-top steel pressure tube. The tube was placed in a glycerol bath and stirred at 80˚C for 72 
Quantitative Analyses of ILs with the Dimethyl Phosphate Anion
A sample of an ionic liquid with the DMP anion (1, 2, or 3b) (~100 mg) was dissolved in glacial acetic acid (50 mL) and titrated with the solution of perchloric acid in glacial acetic acid (0.05 mol/L) in the equipment for potentiometric titration. The purity (content of the main substance, %) of the sample was calculated from the obtained titration curves.
Condensation Reaction in IL Media
Ethyl 2-cyano-3-(4-methoxyphenyl)-2-propenoate (6). Ethyl cyanoacetate ppm.
Condensation reactions in other ILs were performed in a similar way, and the obtained yields of the product (6) were recorded in Tables 1-4 .
Conclusion
ILs with the DMP anion are appropriate reaction media and catalysts at the same time for the Knoevenagel condensation reactions to provide high yields of the condensation product. ILs with the chloride anion also show weaker catalytic properties in these reactions. Anions are the most significant structure elements in the ILs used in the mentioned syntheses. The length of IL cation side chains has a negligible effect on the performance of ILs, whereas the possibility of formation of hydrogen bonds between ILs and transition states of the reaction demonstrates a clearly negative reaction rate-reducing effect.
